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SMMARY

An approximnte wethol, based on a simplified form of the con~
timity relation, is develope] to prediot the location of detached
shack wevege ahead of two-dimansional and arially symeetric boliea,
In order to vednce the problem to an equivalent one-dimensional
Torm, 1t was aspumed thet: (1) The form of the shook between ita
foremost point and its sonie polmt im mdequately represented by
an hyperbola asympbotic to the free-gtream Mach linesa; and (2) the
sopic line batween the shook and the boly is stralght and inolined
at an angls thet depends only on the free-stream Mech mmber. With
thase asenmptions, the lcoation of the shock relative to the body
sordo poimt ia independent of the form of the nose or leading edge
ahand of the sonio polnt end besomes a single-valued function of
the Mach nusber. A sluple gecmeiric sethold for estimabing shook
location 18 almo presented, but this method agrece less closely
with experiment than the ocontimnity mwethod.

When tha location of the detacbed vave and tke sonic line
relative to the body axe known, the drag of the porticn of the
body upstresm of ite sonic point can be estiwmted from the momen-
tum ohangs of the fluid that orossee the sonio line. Comparison
vith available sxperimental resulte indicatas thet the sstimmted
drag oceffiolents ars gool apmroximations except for very bluut
bodieg end for ﬁ'ea-smmlhob,nnﬂ:u-s cloas to 1.0,

The sinplified contimity method ia slze applied to unayn-
metric two-dimensionel bodles at angle of attack anl to two-
dimenmional apd axially symeetrio saperaonioc inlete with detached
wvaves due to spillags over the oowl. Yor supersonic inlets, the
relation between apillage and shook location 18 presented and the
additive dreg due to splllage is estimmted. —
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TTRODUCTICH

Wher a region of aubsonic flow occurs in a sppersonic flow
ficld, wany simplifying assumptions are gansrally required to make
thesorotical enalysis feamible. Without such asmmptions, the flow
can be constructed only by meane of lengthy nmmerdical methods
based an differential equations of finld mschanica. Sach compn-
tations differ for each configuration investigated; general trends
anl Importent parsmeters are thersfores not easily disocsrnible.

A rosgomable sob of assomptions for simplifying the analysis
of enpersonic flow with detached shock wawves shonld be consistent
with the following chermoborietios of anch flow fields:; Tha entropy
varleg from the free-streem value to the value behind & normal
shook, emil the welocity waries from the free-streem wvalus to zero
at tho stagnation point. Thne, 1if the freo-sirsem Mach nuxber is
conaidorably grestsr than unity and if the scbacnic reglon is a
significant part of the entire disturbed flow field, analymes based
on such assumptions as irrotationel flow, small differencea betwean
Jocal and free-strean velocity, or incompressible flow in the subsonic
reglim can no longer be expacted to yleld walid resnlte. For sach
Problemd, other simplifying assmumptions mest therefcre be formmlated.

An analysis based on assmptions concsrning the form of the
boundaries of the subamic region rather than on the nature of ths
flow veriables 1s presentod horein. In this analysis, which waa
maflo ot the NACA Lewis laboratory, both plans and arxially symmet-
trloc bodies were consldared. The form of the detached wave 18
asmmed to be anly secondarily influenced by the form of the body
ahsad of the somioc point, and the sonic line between the shook emd
the body im assumad to be straight and inolined at mn mngle that
depands only on the froo-stresy Mach number, Tha comtimnity rela-
tion 1o then applied to this pimplified ploture to obtain the looa-
tio of the shock relative to the sonio point for plans and axially
symwetric bodles. The drag is estimated from the momentum change
of the fIinid that passes the sonlo line. The wethod iz also
applied to plane uneymetric bolies at angle of attack and to
two-dimsnaiopel and exially mymsetric supersonic inlets with
spillage ovar the cowl. Begulis are compared, where possibls,
with available experimental data.
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SWR0LS
The folloving epmbols are used, same of which are 1llustrated |
in figare 13
A area
a speed of mound

z-ooordinats of Toremowt poimt of body

a(s tem 9 - A[B tan’ g - 1)

drag coofficient of partion of body aheed of theoretical ammic
point (based on area indicuted Ly subscript)

P\ P
—1—2 l:l.as'rs (Pi) EQ - 1]
My 3 0/ *0

distance between vertex of detachsd shock wave and Im
free-stream Nach nmmber

stagnation presmn-e

statio preasure

local veloolity

coordipate in stresm direction

distance from foremost polnt of detached shock to intarcept
of ita asyaptots on x-axis

ooordinate perpendicnlar to stream direction

ey

ratio of spooific heats {1l.¢ for air)
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b looal angle of body cootour relative to x-axis

7  angle between sonic line avd normal to free-streanm divsction
half-angle of wedge or cone

83 oconz badf-spgle for wiich shook beoases detached

A angle of streanmline relative to x-exis

ha wedge mlf-engle for which shock beoomes detaobed

P density

o4 igentroplc contraction ratic from frae stream to sonic wveloclty

T fraotion of meximom poseible inlet mams flow that pamnes
outside cowl

i} local inclinaticn of detachald ahock ralstive to x-axis

Subsoripts:

0 frea-gtrsam conditions

1,2 uapper and lower portion of wnsymmetrio body contour,
respectively

o

centrold of siresm tube passing sonio line
eritical coiitions

sonlc point of detached shook

g «© g

sonic point of body
L} oonﬂlitima along sonic line

ARALYSII

The representation of flow with detached shock waves to be uesd
in the presant analyeis is shown in figmre 1. The reglon of subsonlo
£low 1s bonnded by the porticn of the detaochsd wave below 1ts scnic
polat 8, by the portion of the body comtour upetresm of its sonic
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point 5B, &and by the sonlc curve betwesm 3 and 8B, If the form
of the detached vave is Jmowm, the location of 8 on the shook can
immoliately be determined, because for a glven M, the angle ¢
for which tonlc velocity axists hehind the ahook is kmown from shook
theory. The flow dirsction Ag at thia polnt is then aleo Jnosm.

The monic corve is shown 1n figure 1 as a stralght lins. TYhis
approxieation 1s used throughout the analysis, although more amct
compatations, as well as experimemtal results, indicate that the
form may depand considerably on the shape of the ncse or leading
sdge (references 1 and Z). To the degree of approximation of the
prosent method, however, such variationg appear to be unimportant.
With the simplified picturs shown in figure 1, approxXimate expres-
gims can be derived for the shock location relative to the body
sonlc point and for the drag of the portion of the body in the
gnbsonlo-flow reglon.

Looation of Body Sonioc Point

Evidence is avallable to show that, for bodies with sharp or
vell-dsfined shcnlders (fig. 2(a)), the sonic point is looatsd at
tha shoulder (reforence 2). For mors gradually curved bodiss, such
as oglves, the location of the scuic point cen be estimated by
an extension of & method suggosted by Busemenn (referencs 3). Thia
mathod looatss the shonlder =t the polnt whore the contour of the
body is inolined at the wedge angle or cone angle oarresponding to
ghook detackment (fig. 2{b)). If the sonio line im approximeted by
B straight line, the location of the shonlder sud the sonio point
ocoincide, These results ars analogous, in some ways, with the
flow past the throat section of a supersanic noxzle, for which the
looatlon of the maxrimm constriction (ahoulder) mnd the scnic point
colnelde if the throat im sherp or if the flow is treated as one
dimensional,

The cholce of the polunt of tangency of the body with a line
inclined =t the detashment angle as the approximate location of the
sonic point hae scee theoretical justifioation far two-dimensional
flow. ¥W. Forl has pointed out to the anthor that for flow pear
sonic velocity eod for emall perturbation velocitles, tho deriwa-
tive OA/OV taken along the narmsl to & streamline, vanlshes to a
first approximation st the intorsection of the sanlc line with the
ahock wave. Thip result implies that A 1is rslatively constant
alang the smic line and hence, that the inolination of the body
at 1ts sonic point is approximately equal to Ag. Inazmuch as Asg




8 NACA TN 1521

is elightly amller than A,, the sonlo polnt would be located

elightly downstream of the shoulder of the body; vhereas the dis-
oussion given in refarence 3 ahows that the smic polnt lles ahead
of the shomlder. Theae differsnces, however, are insignificant for
the present smalysis, bacause the sonlc point and the shoulder are
assmmed to coincide.

Although ths thecratical basis for locating the sonlic point
by meens of the detachwent angle 1s far from complets, particularly
foar arially symetric bodfes, the procedure appears reasonable 1if,
as agsumod in the presemt analysis, the form of the nose or leading
edgs ahaad of the shonlder (or somic polmt) has only a secondary

offect on the form and the location of the sonic line, Thism sanxic line

shonld therefcre have almost the same form for all bodles as, for
oxanple, for e wedge or a cons with half-angle only slightly greater
then the detachment engle. Becaunss the smio point for these bodies
1s lmown to be looated st the point of tangency with the detachment
engles, the procednre should be valid fer all bolles at the same
Mach pomber within the degroe of approximation of the present method.
This procedure will thorefore be nsed to dstermine body sonic points
Tor oauparison of theoretical and expearimental resulta.

The reasoning ussd in the preceding pavagraph leads to a very
simple geasetric method for predioting the locatiom of detachsd
shock waves. A wolge or a oons with included angle large encugh to
cause ghock detachwent and with well-defined shoulders is considered
{fig. 2(a)). It b-X, 1s the distance from the vertex of the cano

or wedgs to the foremost point of the dotached wave, them

b=
-----—ID = l‘ - oot & (l)
Yap Y

If 6 1 now oot equal to the detachment angle, then b-3, becomss

zero, amd the expressions for ehock location heocome:
for plane flow,

L . eot, (2)
-]
and Tor axially symmatyic flow,

L . oot 8y (3)
Tsp
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Bacanse, by the premsont mesuMptions, L/ygy 1s constent for a given
M, ond independent of the farm of the nose, equaticms (2) and (3)

vepresent estimetss of the location of the detached ehock wave for
all bodiss at raro angie of attack. This esiimate should be par-
ticalarly walid for bodles only slightly blunter then the wedge or
ooms for which detachment oocuras. The following derivatlon, how-
ever, which 1s based an the comtinuity relation, shoyld provide a
better sstimate of the aversge shosk location for mere general
blont bodlies.

Loocation of Detached Shook Wave
(Continuity Method)

Assumed form of detached shock wave. - The most typloal char-
acteristics of detached waves are that: (1) They ero normel to the
frea streanm at thelr foremost point; and (2) they mre asymptotic to
tha free-gtream Mach lines at large distances from thelr foremost
noint. A simple cuwrve that has thess characteristics is em hyparbola
represanted by

By = xa-zoz (¢)

where A 1is the cotemgent of the Mach angle and X, 1@ the diam-

tance from the vertexr of the wave to the intersection of its .
agymptotes. For the purposs of the analysia, the hypotbesls le mede
that to the degree of approximation requirsd, all deteched waves in
the region between the axls end the sonlc point & may ba
represented by equation (4).

With thia form of detached wave, the angle betwesn the stresm
direction and the tangant to the shook at any point is obbained

from (fig, 1)
W’ 2,a2.2
tan ¢ = L. = R).F:I
RO

. (5)
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The location of 3 is then

5" Yot _ (6)

(6a)

(7)

=8 28 ofp% e gy (8)
T

From equation (6a) the dimensionless locetion of the shook smie
point 1s

'}
. Tm . )
I/
EB BZ-OOtZCPS

The distance fram tho foremost polnt of the shock to tho x-cocrdinate
of the body sonic point 1a

B (10)

s Ym Tm

RACA TH 1921 g

where, from figwro 1,

B .28, I8 1 tanq (1)
¥sp JaB \’SB N
If squations (8), (9), and (1)) are oowbinsd to eliminata all
unknovn cooxi.inates oxospl yq amd L, equation (10) bacomes

b}
L w8 (¢+tann) - tanq (12)
Tan

¥sp
whare
. 2 2 2 '.
: =B(B1‘-m ‘PE-Qﬂ tan fPs-l). (13)

Inagmuch ea B and g are nown Tor any glven free-stream
Mach nusber, coly the quantities ’B/"SB and n remaln to be

determined to predict the relation betwean the somic point on a
body and the location of ite datached wave,

Application of oontinuity equation. - In ordsr to determine
the quantity ygfyoy, the contimuity relatiom is applied to the

£iuld that passea the sonic line. The Integral form of this rela-
tion is uselsas for the present wethod, inasmuch as the dlstribu-
tion of the flow variablea along the sonic line Is unknown. The
digtribution of stagnaticn pressure immedirtely behind the ahock,
howsver, 18 known. An approprists aversge value of this quantity
is that existing along the streamline which represente the masg
centrodd of the fluid pasaing the sonic line., Thia centrold
streanline enters the shock wave at 3 =yg/2 for plens flow and at

¥o=2yg/3 for axially symetric flow. The sbock angle correspond-
ing to these yalues of y ocan be obtained from equations (5) and

{6}. Becauss the stagnetion pressure remains ocnstant along each
wtreamline behind the mhock, the walue of Ps,c will remnin

ancbangsd betwesn the shock wave and the sonic line. Because the
total temperaturs is constant, the slmplified ocontinuity equatlon
way be writton as :
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Ay (0Va)y (% [teov] 2 .
5L TP \Po Lp Yo | - \Bo/ @ (14)
Po¥o 0/, | Po'0 0/,
ia the contraction ratio required to descelerate tho free

(4]
t0 sanic velocity isentroplomlly. In terss of the coordi-
of the smioc points, equation (14) beoomes, for plms flow

I3 Tm o)
= Oy = By,
. () -

555

8

:B ( I )_ " .
I8 1~3ocosn (]5}
and for axially ﬂ’mtrio flow

Ygz"ma 0 2 2
coa | G;;)OIS = Byg
(4]

ool

I3
;aa-(l-ncosn) {18)

The appropriats valnes of 3 to be used in each case remin
to be satablished. On the basisjof the previcualy clted smalogy
botween one-dimensional chammel flow and flow with detached shock
waves, the sonio line 1s aasumsd to be normal to the aversge flow
direction in ite vioinity. At 3 the inoclination of the flow is
koown to be Ag both for plane end axially symmstrdo flow;

vhereas st 5B the inclination is aspumed to be }\d for plans
Tlow and 8y for axially aywmetric flow. If the arithmatio

mean of the inolinations at the two extremities 1s used, the
appropriate expresssions for 1§ bacoms:

FACA TR 1921 11

for plens flow,

N=% g+ an

and for exially symetrio flow,

n -%’- (6; +Ag) (18)

Bocause Ag differs only alightly from A,, the inclivatiom of

the sonic lins for plane flow will be apoumed to be aimply 1 - As.
Yalues of yB/y ‘obtained from equations (15) end (16) are shown
as functine of M, In figme 3. The variation of xo/: vith
My, as computed from eguation {8), 1s also ahown. The values of

Ag @nd 6; required to datermins ’B/’ss were obtained from the
shock charte of refsrence 4 and arve plotted agalust K, 1in figure 4.
Yhe shook sngle at the smic polnt Pg and the gbock angles at the

wans centroid for two-dinensional and axially symeetric flov are also
shown in fignre 4. In figure 5, the reanlting total-pressurs ratios
(P,,j‘l“c,)0 are glven together with the values of ¢ omd C used in

equations (13) trongh (18).

Comparison of Thooretloaml) end Expsrimental Shook Location

A comparison gqf the shock form and locatiom estimmted by the
continulity method with the experimental results of reference 2 :ls
showm in figure 8. The data of refurence 2 were obtained with™a
free jet with an omtlet Mach number of 1.7. The flow fleld iIn the
vicini%y of the models was reconstructed from lnterferograms. For
comparigon of thaory and experiment, the foremost polnt of the
dotached wavo wvans nsed as the common point. The thecretlcal con-
fignraticn 18 independent of the body form and la therefors the
game for cach of the three bodies ahown. For the sphore and the
cone, expsrimental sculc polnta ars given in reference 2 and the
y-ooardinate of these pointa was used as the reference dimension,
For the projactils, however, the actual sonlc point was not deter-
mined in refarence 2 and the theoretioally estimatsd location of
thia point wap used as the refersnce dimensian. The asaumed shook
form and the sstlveted dimtance from the vertaxr of the shock to the
body sopie point are shown to be approximately in sgresment with
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expoximental results for all three bodles, Increasing bluntness of
the noss appeara to ahift the upper portica of the detached wave
away from the body, but In view of the wide rangs of noss forms
this effect appsars to be gmall. The ahock farm for the projectile
may bo amomswhat in exror In figure 6 dna to the rélatively emall
soale of the mibsonic portion of the dlagram presented for this
body (referemce 2).

The theoretioal variation of L/ygy with Mach nombar is sbown

in figure 7 far plane and axially symetric bodies, together with
availabls exparimental values from referonces 1, 5, and 6, and the
mmarically computed valnes of referenca 1. The data cbtained from
raforencs § were converted to the pressnt paremeters from a amll
akebtch of the model and may therafore be smmewhat In error. ‘Fha
values obtained by the cootlnuity method are seen to agree moxe
closoly, in gemeral, with oxperimeatal results than the wvaluea
ocbtained by the gemmstric mothod. Ag previcusly stated, however,
the geomstrio method shonld yleld more accurate reanlte for bodles
only slightly blunter tham the wodge or oone for which shock detach-
mant ocgurs, This prediction 1a rn ont to same sxtent for the
two-dimenaional bodies, where the value cbtained in refaremce 1 for
the wedge agrees olosely with the value cbtained by the gemetric
method, and ths omtinulty method appaars to averege the rssulta
obtained for the wedge and the flat-nossd body. For ths ariaily
pymetrio bodies no such comparison is avallable, although fig-
ure 6 shows that L/ygy tends to incraase as the boly becomss leas

blunt., These resulte lodicate that the contimuity method leada to
an averegs value of L/Yq,; whareas the goomotric method ylelde

the maximm valus of thie guantity for a given M,.

Dbreg Upstream of 2B

Beoause the form and ths location of the shock wave and the
sonic line are assmmed to be infependent of the shaps of the nase
or the leading edgs, 1t follows thet the dreg oocefficlent of the
partica of the body upstream of 1ts scmic point is, by the present
method, also indepsndent of the body form. Thie portion of the
drag omn bo determined fram the momentum theorem. If the stroam-
1insa ars assumed to be normal to the sonic line and if averegs
values of the flow variahlea mt the sonic line are again used, the
momentun equation may be written as (flg. 1)
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BB
2 2 .
j (p-p)an et b = ooV, "Ry ) Ag co8 n-(p, o7PoMg 008 1
b

(29)

from which the drag cosfficient besed on A, boommss

fm(p-po)dl ain B
1,42

()-—b—"——"—‘—
g

=P V. A

2000

2 Py
(py¥, ) ()‘1
w241 - G+Eﬂa %mlﬂ

2
AN My

n2{1+ % -;"’:D% [1 - (1) G’i)q] ::(205

Using the walne of A'/AO from oqutianl(u), equatlon (20) _

(cy) =2 1+°—995-‘1—[p—° ;9) -§E(r+1£| lf;’l)
c

whare ;E- = 0,5283.
a8

Thedraguoufﬂoimbaaoﬂmthumurthohodyatits
sonio point ia: .
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for plene flow,

), - ), (%) (22)
and for arially symsetric flow, .
¥ 2

.
If the apmropriate valoes of 1, (PB/PO)G’ and j’B/ym are used,

the expreasions for the drag coefficient bacoms idemtial for plens
and arially aymeetario flow:

(c) =2 1 - KB oos 1 (24)
Am 1l -Booan
whore
ke 1.2519(:—,:-) ;9-1 (25)
My o O

Thome drag coefficlents are plotied against My 1n figore 8,

togather with the experimental valmes cbtained froa vefersace 2 by
numerical integration of the pressmre coeffiocients glven therein
and the theoreticnl values for flat-nosed bodies and for a wedpe
computed in referemoe 1. The theoretical values obtainsd by the
prosent mothod ares not sxpected to be valid pear Ho-l.o,becume

the pubscuic field bocumes very large relative to the body
(yslya —* ®) end enll variations in the asmmed form and
Inclination of the sonic line have a large effect on the computed
drag. Eguation (24) becomss indeterminate for My = 1 beczuse

cos Y, B, and k ara all ucity for sanio fres-stroem valooity.

The agreemont with experimental data for the ome and the aphers
at Ho = 1,7 is seen to be good. The drag coeffiolenta ccmputed

for the flat-nosed bodles in referencs 1, howewver, fall considerably
above the values obtaimed by the present method. Part of this
disagreement is probably due to the sameehat extrems form of the

1142
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sopic line amsumed for these bodies in the computations of refer-
once 1. Thie assuned sonic line msots the face of the body per-
pesdioularly at the shoulder, whereas the actusl sonio lina ia
probably concave downstreea. (Ses Tig. 6.) Sowe disagreemant
shonld probably be expscted, hovever, Inacemoh as the momentum
integral used to obtaln the drag coafficient by the present method
is more pensitive to differences in the strosm angle neer the
sonic line than the oontinnity egnation uped tc prsdict shock
location. The present procedurs ia therefore moet valid when the
styesanlines are oxpected to be almost normal to the sonic line and
when the sonle lino 1s not expected to bave large curvature.

The maximm possible drag ooeffioclent, cbiained by agsuming
that the stagnation pressure behind a noamel shock acts on the
entire nose, is plotted in figure B for oamparisan.

Unsymwtric Podiea and Effect of Angle of Attack
for Two-Dimensional Flow '

If the mothod umed for determining the location of 8B for
symeetric bodies 13 applied to unaymmetric bodies or to bodies
at angle of attack, the magnituds of the coordinates of the upper
and lowsr eonlo polnts will, In geoerel,diffar (fig. 8). It is
apparent that portions of fignre 8 above and helow the oenter line
between the two linas ars each similar to the configuration
ahown In flgurs 2(b). BHuch a representation, however, can be con-
alderad wvalid only for bodiea that can be ommpletely described in
two dimensions,, If the reasoning wsed to locats the ponloc polint
for gymmetrio boldles ab zero inoldence is followed, then varia-
tions of the portion of the body betweon SB,1 and 88,2 will not
appreciably alter the loocation of the sondc pelots or the form and
the loocaticn of the detached ware aad the sonlc lime. The conti-
oulty method can be applied ssparately to the portions of the flow
f1eld above and below the fero stremmline (thet 1a, the streamline
that reaches the atagnation point on the body). The looaticn of
this streamline pesd be kncwn cnly in the free sireem ahead of the
detaghed wave. The asoumption that this stresmline mnst pass
through tho intersection of the two tangsnt lines (fig. 9) 1is con-
slotent with the reasoning used to locate ths sopic polnte. Becanse
the upper and lower portlons can be treated separately, squetions (15)
and (15) lead to the result

Tsa . JB2 7B

(28)
Tm,1 YsB,2 =B
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Therefore, from equationa (8) and (12),

X

X
ol 02 .0 (27)

Ys,1 7,2 Twm

i "R S (28)
Ym,1 Tm,2 Y@

The equaticns for the portiona of the shock wave above and
below the x=-axis ere:

Upper

{79)

(29a)

An example of the reeultlng configuration for an unsymmetric
two-dimensicnel body is shown in figurs 10 for Ygp o ™ O.SySB 1
] } Rl

Tho -alues of Jofygy end X/yo, were obtained from figure 3 and
L/Ygy was obtalned from the results of the continuity method

(fig. 7). A slight discrepancy appeers In the losation of the
vortex of the detached wave dus to the meparate comstrnotion of the
upper and lower portions of the omnfiguration, but this discrepancy
is well within the acoursaoy of the epproximatioms, Use of the
goawetric methed wonld loocate the orlgin of the shock at the point
of intersection of the tangent lines from the monic points. Thia
mothod would avoid the discontinuity at the vertexr of the shock,
but would fail to satiafy the contloulty equation.

From squations (21} apd (22), the drag coeffioient of the lower
and upper portions of the body are seen to be dspendent, for a
given M, oniy on 'YSI’&!' 80 that the dreg coefficient for the
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portion of the unaymnetric body ahesd of the acnic points based
o (Ygp 1 + Yep,z) 1e ldemtical to the dreg cosfficlent based cu

Amy for the symmetric body mt zero angls of attack, This result

is alsc svident from the consideration that the momentim change of
the fluid that pasges the sonic line depemds anly on the Mach mumber
of ths fres gitream. The total mase flow past the acmio lines
dspends only ca Anp, but the portions of this mass flow above and

below the zero stresmline are not egual for unsynmetric bodies or
for bodles at angle of attack,

In addition to the limitations mentioned in connection with
the estimated dreg ovefficlonta at zero angle of attack, the fact
that regions of pegative pressure coefficient may cccur when the
stagnation streamline falla to Intersect the forsmost point of the
body must also be consiiersd., The dreg cosfficlents estimatsd by
the present method carrespomA to the integral of the preaswrs forces
over the zero sireamline and ars independent of the ghape of this
strecmline aheed of the aonioc polnt. Looal separation reglons naar
the foremost edge, however, may alter the subsonlc porticn of the
flow sufficiontly to invalidats estimates of drag based on a pre-
doribed form of the scmic line and an masmed flow direction. The
rocedure for estimating the location of the shook, howaver, shonld
not be greatly in exrcr, because the continulty relation nsed to
pradiot this locatlon is relatively inseusitive to variations in
the form of the aonic line or the inclination of the velocity vector.

Shock Location and Additive Drag for Supersonis
Inlets with Spillage over Cowl

The method of the preceding aections may ba sasily artended
to the problem of satimating the shock location and the additiwe
drag a8 functions of the fraction of the wmaximm mass flow that is
spilled over the oowl of two-dimensional or axially symmetric
inleta, The almplified plcturs corresponding to this problem is
shown in figure 11, vhere the y-coordinate is now meamured from the
axia of symmsfry of the inlet. The coardimate y, denvtes the

fres-strasm locatiom of the atreamline that ssparates the masse
entering the inlet from that paseing outside the inlet. The inter-
soction of this stresmline with the detached shock wave is aseumed
to be tha origin of the hypexbolic portion of that shock wave. In
terms of the coordinates shown in figmre 11, the spillages T 1s
defined by the following expressions:
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Two-dimenalooal inleta

b

Tel-2 _ (30)
=
Axinlly symmetric inleta .
2
Y,
Tal- (J—) (508}
JsB

The drag dus to splllage 1s defined es the intagral of {p-po)

along the gtreem]ins that bounda the entering fluld, This drag ia
ginilar to the additive drag defined by Ferri for ncss inlets with
projecting central hodien, for whilch ths strosmiines may be deflected
& considarable distance ahead of the oowl.

The sondc point SB  cap bs estimeted by the procedure used
for ¢loeed bodles. For most casgas of intersst, the lip of the oowl
will be sharp or very thin relative to the inlet cross ssotliom, =0
that & will be wery close to the foremost point of the 1ip. Here
the {low rapidly expands to smpersonic velooities. Saperaticn
regioms resulting from this expension are again neglected apgd uay
considerably reduce the additive dreg dus to epillags, The relation
to be derived betwesn spillage and shock locatlon, however, should
not be groatly affected by local aeparation regions.

Othsr ounplications psnally enocountered wilth suparsonic inlets
have algo bean ignored. O(blique shocks from a protruding ceotral
bholy, fox sxampls, are assmsed o have negligible effect on the
relatica hetweon mmas-flov spilllags end drag and on the form of the
shock wavs above Ty Theae simplifications abould yleld walld

ostismmtes vhen open-nosed bodiea without central bolles are con-
aidersd or vhen the effect of the csntral holy is felt anly below
the oaigin of the hyperbolic portion of the detechad shock. The
apelysis s indepentent of the nature of the ahook below this
orlgin,

The hyperbolle pootian of the shock wave ls now representsd by

Y -
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Xy 7, L
e quﬂa tan® g1 (r—;;-;;) (32)

Bauaticaa (2), (10), and (11) for the x-coordinates of the sanic
polota snd for the shook location remain pnehengsd by trenslatlon
of the arigin. When equation (32) ie nead in place of equation (8),
the expresaion for the shook location (squation (10)) heoomes

where

L .8 (chtann) ~ TR - tanq (33)
Y Y= s

‘Iwo-di-m_ad.foml inleta. ~ Tor twe-dimensional flow, the ratlo
of the sonic-line Clow areoe to the froe-otrean ares of the streem
tube ke (fig. 11}

A -
_E..(_{E_YS:E‘_BT.C_.Q)cv:B (34}
Ay Fgeyy) ove Ag 8/

o that .

(35)

If this walre is substitutsd in equation (33), the expression for
the location of the vertex of the detachod wave heoames

C + B sin
_]‘_.1-.’.5.. ______7‘.& (z8)
Y Y, l-BousAB
Wha no alr passea tlrough the inles (yn'o)’ thias expresaion 1s

found to redunes to the value obtained for closed aymmatric bodies.

The drag cosfficlent bassd o A, (equation (21)) 1m 1mds-

pandent of the soordinates, eo that the drag coefficient for the
inlet is obtained by multiplying (oD)A0 by the ratio ApfAe,

and hecomes



[¥]
2
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5 Tn

@y = 0l (5 - T - oy (a0 o) e

Bquatione {(35) and (36} indicate that the distance of the shook
from the Inlet 1ip and the drag coefficient for a given My

increass linearly with the smount of air thet passes ontaida the
Inlet.

Axially gypmetric inleto. - The ratlo of sonlc ares to free-
gtresm aree for arially symmetric inlets becomes

2 2
B _Tatm g

=

-]
fo (yf-x) oosn

B ooE q
——C—L—_ (z9)

1l -B coaq

(38)

B0 that

For axially symmetric inleta, bhowever, the valne of n to be
used may be expected to vary with the value of y,/yep. When thie
ratio is ¢clomse to unity, phenomsna near the cowl llp should be
aimogt two dimensional; vhereas for largs splllsgs the flow becomes
aimilar to that obtalned with closed bodisa of revolution. Inas-
mush a8 the casen of relatively mmall spillage are probably of
greater interest, 1t will bs assumed that the flow pear the cowl
1ip 13 two diweasional so that n-AE. Similarly, the two-

dimenplonal walue of total-presmurs retio at +the mass cantroid will
be used. By gubatituting squation (39) into eguation (33), the
shock location is found to be

(ym)l!uusls .
-;;.;- TS oo Ty (c»fm)\sj-c?:‘;-m?“

(#0)
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Equatian (21) for (CDJAD may again he wnltiplisd by the ratlo

AgfAg to obtain the dreg coefficient bssod on the inlet erea,

’

( 5 é In N T3 Z
o)y, = (O CE) (;5) - (o), (E) 1w

{4)

_ where 1 1in equation(21) 1s,replaced by Ag for ¥, = Ygp-

-~

The wariations of ghock loomtion and drag coefficient with T
are shown in figure 12 for two-dimensional and axially symsetric
Inleta at My = 2.0. For axlally symeetrlo inlets, the valoas

]

cbtained uaiﬁg 1 -%’- (84 +Ag) are almo plotted for comparieon.

The value assuned for 1 ovidently has little effeoct on tho eatl-
nated drag or the shook locaticm.

SUMMARY OF METHOD

An approrimate method bas been developed for predicting the
locetion of detached shook waves shasd of plane or axially
pymmetric bodles amd for estimating the drag of the portion of
the body upstresm of the theoretical sanis point. The wethod l1a

* baped on the continnity relatiom, which is applied to the alr that
. passes the sonic lins, Tho main asgumptions were that: (1) The

form of the detached wave Iram the axis to 1ts aonlc point is ade-
guately repressnted by an hyperbols asymptotioc to the free-stream
Mach lines; acd (2) that the sonic ourve between the shock and the -
body le o straight line. These assumptions imply that the form and
the lopation of the shock and the sonic lipne are anly eecondarily
inflnencsd by the form of the body abead of its sonic point and that
the shock looaticn reletive to the body sonlc point is primarily 4
function culy of the free-stream Mach number. The drag of the body
to the somic point was estimated from the changa of momentum of the
alr that passes ths sonlc line and was conasquently also independent
of the form of the noss or the leading edge in the present approxl-
matica.
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Comparison with experimental resulis indjioatss that tho assump-
tions made ere valld to good approximation for predicting the fom
and the locatlon of detached wawea, but may he oversimplifications
whan it 13 desired to predict the drag of extramaly blunt bodies.
The method aleo fails in the vicinity of sanic fréo-streem velocity.
The effecte of angle of attack and onaymmetric body oconbour are
dimcussed for two-dimsnaional flow, but no experimental results are
available to check the thsoretical predictions.

Extension of tho method to the problem of eatimating the mddi-
tlve drag and the shoak looation for supersonlc indets with spillage
over the oowl indicated that the dreg, both for two-dimensional and
axially eymeetrio inleta, incresees linearly with the peroentage
of the maximam inlet mass that passes cutolde the oowl. The dia-
tance between the shock smd the Inlet 1ip also increassqd linearly
with this percamtage for two-dimensional Inleta and almeost linearly
for axially aymmetric inleta,
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Pigure 1, -~ Represantation of flow with detached shock wave
and notation used ln enalysls.

{a) Well-definsd rhomlders (plane or sxially symmeirio).
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Flane bodieg Axially symmetric bodlas
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(b) Gradually-curved bodies. =

Figure 2. ~ Approximate lonatlion of body sonic point,
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Plgare 5. = Variation with Mach mumber of some parameters used in analysis.
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sonic polnts for plene unsymstric

bodles at angle of attack.
two-dimensional body when ysB'z = 0.5733’10

Determination of

. = Pradioted relation between detached shook and body

sonlo polnts for

X * 3.0.

Flgure 10
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